The CoGeNT and DAMA/LIBRA experiments have found evidence for the spin-independent scattering from nuclei of a light dark matter (DM) particle, 7-12 GeV, which is not excluded by the XENON DM experiments. We show that this putative DM signal can be explained by a complex scalar singlet extension of the standard model (CSM), with a thermal cosmological DM density, and a Higgs sector that is consistent with LEP constraints. We make predictions for the masses, production, and decays of the two Higgs mass eigenstates and describe how the Higgs and DM particles can be discovered at the LHC.
I. INTRODUCTION
There has been a flurry of recent activity concerning possible experimental signals of particle dark matter (DM) and numerous theoretical models have been put forward to explain them. The standard model (SM) has a cold dark matter (CDM) particle, the axion, but experiments designed specifically to detect it via photons have found null results so far.
Extensions of the SM, proposed to stabilize the radiative corrections to the Higgs boson mass, commonly have a particle of weak scale mass that is stable because of a discrete symmetry. Such a weakly interacting massive particle (WIMP), with thermal production in the early universe followed by freeze-out, provides a natural rationale for CDM, with a predicted relic density that is in general accord with its determination from the cosmic microwave background measurements of the Wilkinson Microwave Anisotropy Probe (WMAP) experiment [1] .
There are several means by which DM can be discovered: WIMP pair annihilation in our galactic halo can give positrons, antiprotons, antideuterons, and gamma rays that can be detected in satellite experiments [2] [3] [4] [5] . Neutrinos from WIMP pair annihilations in the Sun could be observed in large neutrino detectors as events pointing back to the Sun [6] [7] [8] [9] [10] . Direct elastic or inelastic scattering of WIMPs can be identified in deep underground detectors via nuclear recoils. DM may be found at colliders via events with large missing energy carried off by the DM particle. A concordance of indirect, direct, and collider signals of DM could definitively establish that DM has a particle origin.
A number of direct DM detection experiments are underway and improvements in the upper bounds on the DM scattering cross sections have reached the level sensitivity of interest for DM model tests. Depending on the choice of the nuclear target, elastic recoils can probe the spin-independent (SI) or spin-dependent (SD) interactions between incoming DM and nucleons.
The Cryogenic Dark Matter Search experiment (CDMS-II) direct detection experiment [11] completed its five tower run with 612 kg-days of raw exposure and found two events within the signal region which is consistent with a DM interpretation to 77% C.L. [11] [12] [13] [14] [15] .
While this observation is not statistically significant, it may be suggestive of a light DM candidate that scatters with low recoil energy.
The DAMA/LIBRA experiment, based on the annual modulation of a DM signal, has found 8.2 sigma evidence for a low mass DM particle [16] [17] [18] . The boundary of the favored signal region is dependent on channeling [19] [20] [21] , but it has recently been argued that channeling effects are unimportant [22] . In our study we consider the DAMA/LIBRA boundaries without channeling from Ref. [12] . We also comment on the DAMA/LIBRA channeled region in the context of the XENON100 exclusion.
The CoGeNT direct DM detection experiment, constructed from p-type point contact germanium detectors, benefits from very low electronic noise and high sensitivity to low energy events [23] . After rejection of background surface events, an excess of about 100 low energy, 1.9 keV < E recoil 11 keV, bulk events was found. This has been interpreted as the possible signal of a light DM particle with a mass of 7 GeV < M DM < 12 GeV and spin-independent cross section of ∼ 0.7 × 10 −40 cm 2 . Most of the CoGeNT region is allowed by the CDMS limit.
There have been several model interpretations of the CoGeNT data in terms of a light DM particle [24] [25] [26] [27] [28] . Asymmetric DM [29] [30] [31] [32] [33] [34] [35] connects the DM relic density to the density of baryons, yielding similar DM and baryon masses. Neutralino DM in the Minimal Supersymmetric Standard Model (MSSM) has tension with B s → µ + µ − , B ± → τ ν constraints and sparticle and Higgs boson mass limits [36] [37] [38] [39] . However, the Next-to-Minimal Supersymmetric Standard Model (NMSSM), a singlet extended MSSM, may provide a viable alternative to vanilla supersymmetry [29] . The NMSSM model, or any of its supersymmetric cousins, can have Higgs sector phenomenology [40] [41] [42] [43] [44] [45] that is somewhat similar to those of the CSM.
Recently the XENON100 collaboration published preliminary DM direct detection exclusion limits [46] [47] [48] . The XENON100 limits with a requirement of 3 or 4 photoelectrons (PE) partially overlap with the CoGeNT allowed region. In our study of the XENON100 constraints we utilize their 4 PE data. This exclusion bound may be relaxed somewhat by a different extrapolation of the detection efficiency below 10 keV nuclear recoil energy [48] [49] [50] , in which case the XENON100 limits could even be consistent with the full CoGeNT allowed region.
In this paper, we consider an explanation of either the CoGeNT DM signal, the DM signal from the DAMA/NaI and DAMA/LIBRA data, or the XENON100 DM allowed region, in the context of the complex scalar singlet extended standard model (CSM) [51] . The complex singlet provides two additional degrees of freedom, one which acts as a scalar singlet that mixes with the SM-Higgs boson and the other a DM candidate whose stability is ensured by CP conservation of the scalar potential. The real scalar singlet model [52] [53] [54] [55] [56] [57] [58] [59] can provide a dark matter candidate but then has only a SM-Higgs boson.
In Section II, we present an overview of the complex singlet extended SM and its features.
The experimental constraints on the parameters of the model are described in Section III.
Sections IV and V give results where we show the correlated signatures in the Higgs sector that are a consequence of the light DM particle with a spin-independent scattering cross section consistent with CoGeNT, DAMA/LIBRA and/or XENON100. In Section VI, we provide conclusions and an outlook.
II. THE CSM MODEL
In the CSM model, the singlet fields talk to the SM only via the Higgs boson. Thus, the DM sector of the model is a concrete realization of the Higgs portal concept [58, 60] . The scalar potential of the CSM, including only renormalizable terms is
where H is the SM-Higgs and S = (S + iA)/ √ 2 is the complex singlet. Starting with a global U(1) symmetric potential we include a U(1) breaking term b 1 [51] . In the case that the real component of the singlet obtains a vacuum expectation value (vev), a nonzero a 1 is needed to avoid domain walls from the accidental S → −S symmetry. In fact, we find that nonzero a 1 is essential to describe the experimental observations, discussed in the next section. The phases φ b 1 and φ a 1 need to be either 0 or π in order to avoid mixing between the real and complex components of S and thus provide a stable DM candidate, A, as we desire. Defining a 1 and b 1 to be positive definite, we find that the phases must be φ b 1 = π and φ a 1 = 0 for viable phenomenology [51] .
If the real component of the complex singlet obtains a vev, v S , the δ 2 term in the potential initiates mixing between H and S resulting in two Higgs particles with masses
The resulting coupling strengths of these Higgs eigenstates to the SM fermions and weak bosons are multiplied by the factors
where the mixing angle is given by
The remaining complex term in V leads to a scalar field A that is stable and is thus the DM candidate. The mass of the DM particle is determined by the parameters b 1 and a 1
III. CONSTRAINTS
The CSM potential [Eq. 1] has six free parameters: the SM-Higgs quartic coupling λ, the complex singlet quartic coupling d 2 , the quartic interaction between the SM-Higgs and complex singlet δ 2 , the vev of the real component of the complex singlet v S , and the DM mass parameters b 1 and a 1 . The m 2 parameter in Eq. 1 is determined in terms of the other parameters by the minimization conditions of the potential.
We take the quartic couplings to be O(1) for perturbativity and we allow the singlet vev to be as large as 1 TeV. We scan uniformly over the following ranges:
10 GeV < v S < 1000 GeV,
Note that the range of √ 2a 1 /v S is determined by the ranges of M A and b 1 . Additionally, each parameter set is required to have
as having a stable global vacuum demands [51] .
Relic Density -We require the DM candidate to fully saturate the relic abundance of thermal DM within a 2σ range of the value measured by the WMAP experiment [1] :
This is a very restrictive condition but we find that it can be satisfied in conjunction with the DM experimental constraints. There are also multiple solutions with an under saturated DM density, which could be relevant if there is another DM contributor (such as the axion), or over saturated, which is possible in nonstandard cosmologies, such as a very low reheating temperature or extra entropy injection caused by late decays [61] [62] [63] [64] [65] . The Feynman diagrams associated with DM annihilation are given in Fig. 1 . As noted previously, the only communication between the DM and SM is through the Higgs mass eigenstates. In the putative DM mass region inferred by CoGeNT, is AA → bb, since the b-quark is the heaviest kinematically accessible fermion to which the virtual Higgs couples.
For a DM mass that is below the threshold of the bb channel, the DM annihilates to cc and τ + τ − final states. Occasionally, H 1 is light enough that the AA → H 1 H 1 channel may contribute to the relic abundance. To calculate the relic density, we utilize the micrOMEGAs software package [66, 67] .
LEP data -The OPAL collaboration [68] has placed constraints on the production of scalar particles in the Z-Higgs-strahlung process, independent of their decay modes, expressed in terms of bounds on a quantity k i defined as
It is possible to have Higgs eigenstates that are lighter than the LEP limit of 114 GeV on the SM-Higgs mass, since the mixing between the SM-Higgs and scalar singlet field reduces the couplings. We impose the LEP bounds, that exclude a SM-Higgs boson of mass 12 − 114
GeV [69] , to both ZZH i couplings. In addition, the combined LEP data place upper bounds on the quantities ξ 2 i defined as
Because of the mixing of the SM-Higgs with the real component of the complex singlet and possible new Higgs decay modes to DM particles, the Higgs masses can be lower than the LEP bound on the SM-Higgs mass, depending on the mixing: For an illustration of this, see The Higgs cascade decay cross sections, relative to the total SM Z-Higgs-strahlung cross section, are given by
(17)
The LEP collaboration has placed upper limits on these quantities. The bb + bb channel is limited to C bb+bb < 0.2 for masses M H 2 85 GeV, while for M H 2 ≈ 105 GeV, the limit relaxes to C bb+bb < 0.4 1 . The bb + τ + τ − modes are limited to be C bb+τ + τ − < 0.4 for masses M H 2 85 GeV while C bb+τ + τ − can be as large as unity for masses M H 2 105
GeV. In addition, we include the limits on the τ
In our scans, we typically find M H2 110 GeV after all other constraints are applied.
at the 95% C.L. [76] . In our scans, we rarely find values exceeding C bb+τ + τ − = 0.12 and
effective in excluding parameter regions.
Electroweak Precision Observables (EWPO) -
The constraints from EWPO require that the mass of a SM-like Higgs must be bounded by M h 180 GeV. In the CSM this applies to the mass of the heavier Higgs eigenstate [77] .
σ SI Measurements -The Feynman diagrams associated with the spin-independent scattering cross section are shown in Fig. 2 . For the CSM, the spin-independent scattering cross section of DM on a proton target is
where m p is the proton mass and v = 246 GeV is the SM-Higgs vev. The couplings between
Feynman diagrams associated with the spin-independent direct detection of A. As in annihilations, the Higgs bosons are the mediating fields between the DM and the nuclear target.
the DM particles and the Higgs eigenstates can be written as
The strengths of the hadronic matrix elements, f , have the central values [78] f pu = 0.02,
The cross sections calculated using Eq. 19 agree with those calculated by micrOMEGAs [66, 67] . We do not consider uncertainties on the hadronic matrix elements in our analyses, as is the standard practice. In general, the variation of these values can shift the overall scattering rate by roughly ±30% [79] .
The expression for the SI cross section can be simplified to
We note that σ SI vanishes in the limits δ 2 → 0 or
A . In terms of representative masses and parameters, the cross section is
In our subsequent CSM study, we separately consider the CoGeNT signal region , the DAMA/LIBRA signal region, and the XENON100 exclusion region.
IV. CONSISTENCY WITH σ SI MEASUREMENTS
We can correlate the σ SI signal with the scalar mass patterns in the CSM. Mass ranges that give rise to characteristic phenomenological features are
is efficient enough to saturate the relic density. These points are denoted by black crosses in the figures.
( In Fig. 3 , we present the ranges of M A and σ SI after all other constraints are applied.
The CoGeNT signal region at 90% C.L. is denoted by the solid (black) bounding curve.
The DAMA/LIBRA signal region with channeling effects is within the bold dash-dotted (black) boundary while the signal region without channeling effects is enclosed within the dotted (green) boundary. The 90% exclusion region from XENON100 (4 PE) is denoted by the dashed (black) curve. The CSM points correspond to M H 1 < M A : crosses (black),
We see that the CSM points populate the low M A part of the CoGeNT region.
Only a few points are consistent with the DAMA/LIBRA region without channeling.
One group of points lies along the lower DAMA/LIBRA boundary at M A ∼ 30 GeV, which is consistent with XENON100. The other lies at M A ∼ 7 GeV, for which the phenomenology will be similar to that of the CoGeNT region; therefore, we do not explicitly list these points but note the conclusions are similar to those obtained from analysis of the CoGeNT region, except that the SI cross section is slightly higher. More model points in these two DAMA/LIBRA consistent regions could be realized if the uncertainties discussed earlier in the calculated cross sections were taken into consideration. The XENON100 limit convincingly excludes the DAMA/LIBRA consistent unchanneled region at M A ∼ 30 GeV, but it allows a wide mass range from 10 GeV to the TeV scale. In our more detailed considerations below we focus our discussion on the CoGeNT region at M A ∼ 10 GeV and the region that is not excluded by XENON100. A portion of the channeled DAMA/LIBRA allowed region is consistent with the XENON100 exclusion. We note that the channeling calculations are based on complex modeling, so it is possible that the real situation could lie between the unchanneled and channeled regions shown in Fig. 3 . Therefore, small channeling effects would improve the agreement of the DAMA/LIBRA data with the model. threshold. When DM annihilates above the H 1 pair threshold, the thermal energy in the early universe is large enough to open that channel which would otherwise be closed in the v ann → 0 limit. In Fig. 4b , we show the results for M A = 50 GeV, the DM mass for which XENON100 is most sensitive. Generally, these regions may be shifted down in cross section
as the values of the SM-Higgs content of the H 1 state increases. With all of the aforementioned constraints applied to our parameter scan, we find that Because of the mixing of the SM-Higgs field and the singlet field, the H 2 mass may be below the SM-Higgs limit given by LEP. Therefore, any Higgs states with masses much below the 114 GeV LEP limit are dominantly singlet. This can be easily seen in Fig. 6 . The
CoGeNT consistent cases (top panels) give a light singlet due to the relic density constraint, forcing the heavier state to be SM-like. In the XENON100 cases (bottom panels), there is no such restriction, allowing both mass states to have a relatively free SM-Higgs component.
The abrupt shifts in the limit of the SM-Higgs content are caused by the endpoint of the constraining data as indicated.
Finally, using Eq. 19, we obtain the results in Fig. 7 after all the constraints are imposed.
We find that points with M H 1 > 2M A prefer smaller M A in order to satisfy the CoGeNT is well below the XENON100 exclusion limit. For comparison, we superimpose the 90% C.L. XENON100 exclusion limit with 4 PE on top of the 90% C.L. CoGeNT region. The lower left region is in best agreement with the XENON100 limit. It is also in this region that we find the best agreement with the CSM.
V. HIGGS SIGNATURES
The imposition of the DM relic density constraint and the CoGeNT constraint on the DM scattering cross section allow firm predictions to be made about the Higgs sector of this model. The mass configurations of the three scalar states largely determine the dominant decay modes of the SM-like H 2 state.
In Fig. 8 , we show the A mass versus the H 1 mass after all constraints are applied. Three regions which control the dominant annihilation process for AA → SM + SM that sets the relic density become apparent. Below (boxes) the AA → H 1 → SM + SM resonance, the relic density constraint can be satisfied. Additionally, the AA → Fig. 9 for the CoGeNT DM region and Fig. 10 for the XENON100 exclusion region. For both regions, we see a reduction from the SM branching fraction.
For the CoGeNT region, this is primarily due to the other decay modes listed below that compete with the SM decay modes, while for the XENON100 region, the significant singlet content of the H 2 state can provide an additional level of suppression.
In addition, the XENON100 region may have a SM-like Higgs that cannot decay to a singlet state that can have a larger mass than in the CoGeNT case, allowing the 2 In some cases a H 2 → 3H 1 decay is kinematically allowed. Because of the small coupling and phase space suppression this mode will not be a dominant decay mode branching fraction to be closer to the SM expectation. (ii) Large decay rates of H 2 → AA, with A undetected, will give a large missing energy in collider events. Higgs production via vector-boson fusion (VBF) followed by a Higgs decay to AA may be cleanly extracted from the background of QCD and electroweak W ± , Z + jj production [81] . In addition, it may be possible to observe an invisible
Higgs via the Z-Higgs-strahlung channel [82] . With 30 fb with SM-strength couplings down to 25% − 30% for the relevant H 2 mass range [83] .
The invisible branching fraction of H 2 decay in the CSM can be nearly 100%, as shown in Fig. 11a . Often, this branching is near 50%, comparable to the cascade decay discussed below, allowing ATLAS to probe most of the region allowed by CoGeNT.
For XENON100, the invisible branching ratio of H 2 can have more of a range, but is also expected to be well covered by the ATLAS analysis, see Fig. 12a .
(iii) Large decay rates of H 2 → H 1 H 1 : This generic class of decays has been studied in the context of the NMSSM [40, 43, 72, 75] and Little Higgs models [74, 84] . In addition, model independent analyses of this mode have illustrated the sensitivity of the Tevatron and the LHC experiments to these exotic decay modes [73, 74] . The effective production rates, Figs. 11 and 12. Once produced, the H 1 pair will subsequently decay into:
• bb+bb : This channel may be probed at hadron colliders [73] . At the Tevatron, the production signal is W ± , Z-Higgs-strahlung, which may yield a few events that are almost background free. Therefore, detection of this mode is statistics limited.
The LHC also has sensitivity to this channel even though the QCD backgrounds the benchmark case analyzed in [73] , where
In that benchmark scenario, with M H 2 = 120
GeV and M H 1 = 30 GeV, 5σ discovery could be achieved at the LHC at 14 TeV with less than 30 fb −1 of integrated luminosity. The tagging of soft b-quarks is crucial.
• bb + τ + τ − : This mode may also be probed at the Tevatron. For the CoGeNT [ Fig. 11c ] and XENON100 [ Fig. 12c ] regions, the branching fractions can be up to 10% which is slightly above the benchmark case analyzed in [73] , where
in a rate of about 0.3 fb. Therefore, this channel is severely statistics limited.
At the LHC, the reducible background is problematic and excellent jet rejection would be needed [73] .
• τ + τ − + τ + τ − : This mode can be large when the H 1 → bb mode is kinematically suppressed. The CSM branching fractions of this mode for the CoGeNT [ Fig. 11d] and XENON100 [ Fig. 12d ] regions can be up to about 5%. Searches through the VBF production of H 2 with semileptonic and hadronic decays of the τ final states to µ ± and jets can be probed at the LHC [85, 86] , while the Tevatron may also see an excess in multilepton events with a light H 2 [87] .
• bb+ E T : The branching fraction of this mode is smaller than 1% for both
CoGeNT and XENON100. In addition, the soft b-quarks may make it difficult to extract the signal from QCD backgrounds. Because of the E T , full reconstruction of the H 2 mass is lost using traditional methods. Therefore, this decay mode does not look promising at hadron colliders.
•
The branching fraction of this mode is smaller than 0.1% for both
CoGeNT and XENON100. This channel yelds soft τ -leptons. The decays of the τ -leptons yield one additional E T component that will be back to back to the E T from the H 1 → AA decay. Since the E T should be softer than in the bb+ E T mode, this decay mode is not promising at hadron colliders.
• E T : This mode is equivalent to the above H 2 → AA invisible decay mode, but each H 1 state decays to AA and shown as the red circles in Fig. 11a for CoGeNT and Fig. 12a for XENON100 . Therefore, the VBF channel for detecting H to E T is applicable.
There is strong competition between the purely invisible H 2 → AA and the cascade decay H 2 → H 1 H 1 , presented as the partial widths of these two decay modes in Fig. 13 . Often, the couplings g H 2 AA and g H 2 H 1 H 1 are nearly equivalent when there is a large singlet content of the H 1 , providing roughly the same partial widths. Because of these effects, both large missing energy signatures and Higgs cascade decays can be realized in the same model parameter space when these modes are kinematically accessible. 
A. Electroweak Phase Transition
The CSM can also provide a strong first order electroweak phase transition (EWPT) in the early universe that is required for electroweak baryogenesis [51, 88] . In order to prevent the washout of the baryon asymmetry produced during the phase transition, the inequality
must be satisfied. Here T C is the phase transtion critical temperature and v(T ) is the SU(2) L vev at temperature T . It has been shown that to satisfy this inequality, one requires a value of δ 2 that is negative and with a singlet vev v S 100 GeV [51] .
In Fig. 14 , we show the correlation between δ 2 and v S after all constraints are applied.
The model can naturally provide an EWPT regardless of whether we restrict ourselves to the CoGeNT or XENON100 regions. Because of the CoGeNT preference for low DM mass, the singlet vev is required to be relatively small, yielding EWPT more easily. We focus on the region satisfying the EWPT requirements, which is within the black box. We find that the sign of δ 2 has little effect on many observables such as relic density and Higgs production. The effect of flipping this sign may be noticeable in the interference terms of AA → H i H j [51] . Establishing EWPT in this model requires measurement of the couplings in the scalar potential in Eq. 1 that give rise to the first order phase transition.
VI. CONCLUSIONS
We have explored the viability of the complex scalar singlet model (CSM) as an explanation of the CoGeNT and DAMA/LIBRA DM signals without channeling effects and the nonexcluded XENON100 region. The model has a DM particle that has Higgs-only interactions with the SM fields. There is also an additional real scalar field that mixes with the SM-Higgs field. The light Higgs boson must be dominantly singlet to reproduce the WMAP relic density measurement with thermal DM production in the early Universe. The DM particle can have a scattering cross section that is within the CoGeNT and XENON100 regions and satisfies the relic abundance observed by WMAP, the LEP limits on the ZZH i mixing, and on the cascade decays of the H 2 to H 1 pairs to bb + bb, bb + τ + τ − , and
the OPAL limit on generic Higgs production, and EWPO constraints.
For the CoGeNT, DAMA/LIBRA, and XENON100 allowed regions, we find
• The complex singlet extended standard model has the attractive feature that the DM mass can range from a few GeV to a few TeV with a thermal relic density as observed by WMAP. It can also be consistent with experimental constraints on a low mass Higgs boson.
• Given a mass of A of about 10 GeV from the putative CoGeNT DM signal, the H 1 mass is predicted to lie in the ranges 9 to 15 GeV or 30 to 70 GeV, depending on which side of the H 1 annihilation resonance the A state lies. We also find the H 2 has a mass between 110 to 180 GeV with the lower and upper bound arising from the LEP ZZH 2 and EWPO constraints, respectively. To also be consistent with the CoGeNT and DAMA/LIBRA DM signal, the DM mass is restricted to the ∼ 7 GeV region, for which the SI cross section is ∼ 10 −40 cm 2 [89] . In our scans, we find only a few points that fall within the DAMA/LIBRA allowed region.
• Since A is stable, the decays of H 2 to AA result in large missing energy. This invisible decay mode can be probed at the LHC via weak boson fusion and provide a robust test of the model. Alternatively, the H 2 can decay to W W and ZZ with sufficiently large branching fractions as to allow their detection at the LHC.
• The decays of H 2 to H 1 H 1 , followed by the decays of H 1 to SM particles, can be probed at the LHC through the 4b, 4τ , and 2b + 2τ channels. Alternatively, when the H 1 decays to AA, it contributes to the missing energy. See Figs. 8, 9, 10, 11 and 12.
• The lightest Higgs state may be lighter than the DM state, resulting in the annihilation mode AA → H 1 H 1 . Because of the low mass of H 1 , the decay to bb may be kinematically suppressed, resulting in an enhanced branching to τ + τ − . This prediction can be tested by comparing the H 2 → 2b + 2τ and H 2 → 4τ branching fractions.
• The SM-like H 2 state can often decay to AA and to H 1 H 1 , with comparable partial widths of the two modes, providing a dual missing energy and cascade decay signature at the LHC. See Fig. 13 .
In summary, the complex scalar singlet model is an attractive explanation of the CoGeNT candidate DM signal in that the model naturally accommodates light DM, the CoGeNT DM scattering cross section, and the WMAP DM relic density. A spin-independent cross section of 10 −40 cm 2 is consistent with both CoGeNT and DAMA/LIBRA data for a DM mass of 
